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TENSILE PROPERTIES TO 650° C AND DEFORMATION STRUCTURES IN A
PRECIPITATION-STRENGTHENED TITANIUM-ALUMINUM ALLOY
byMadan G. Mendiratta*
Lewis Research Center
SUMMARY
The present investigation was undertaken to study the feasibility of developing
titanium-aluminum base alloys strengthened by ofg-phase precipitate particles for high-
temperature applications. This aim was sought by a twofold approach: (1) high-
temperature tensile properties of a model Ti-lOAl-ISi alloy heat treated to render maxi-
mum room-temperature strength and ductility were determined, and (2) basic deforma-
tion mechanisms leading to fracture in this normally brittle alloy were studied.
Room-temperature tensile properties were correlated with various aging treatments
in the (a + a0) phase field. Simultaneous maxima in room-temperature strength and
' 2ductility (855 MN/m (124 ksi), 4. 5 percent elongation) were obtained for the aging
treatment of 925° C/100 hours. This aging treatment produced such a volume fraction
and size of din-particles that dislocations had to bypass particles instead of shearing
them. The fracture mode in specimens deformed at room temperature was mostly
transcrystalline, exhibiting a uniform distribution of fine dimples even in brittle speci-
mens. The main crack appeared to propagate through planar slip bands which had cut
through a«-particles.
2Tensile strengths of 550 MN/m (80 ksi) with 6 percent elongation were obtained at
650° C with specimens heat treated to produce maximum room-temperature tensile
properties. A two-step aging treatment (925° C/100 hr; 650° C/100 hr) precipitated a
higher volume fraction of bimodally distributed a„-particles, which resulted in a strength
of 690 MN/m (100 ksi) at 650° C. The most prominent deformation structure in speci-
•mens testes at elevated temperatures was planar slip bands which sheared through the
ofg-particles.
This investigation has demonstrated that the a — a^ ordering reaction can indeed
promote good tensile strength and ductility at both room and elevated temperatures.
This suggests that, through optimization of solid solution strengthening and precipitate
stability, a-titanium alloys can be developed with high-temperature properties superior
to those of currently available titanium alloys.
National Research Council - NASA Resident Research Fellow.
INTRODUCTION
. Above 550° C the creep strength levels in the currently available commercial
titanium alloys are not satisfactory. Advanced designs of gas turbine engine compres-
sors demand higher discharge temperatures, and therefore the jet engine manufacturers
have expressed a need for development of lightweight titanium alloys with good strengths
to 650° C. The current development efforts (refs. 1 and 2) appear to be generally
directed toward optimization of solid solution strengthening. Limited efforts to obtain
dispersion strengthening with carbon-, silicon-, or boron-bearing titanium alloys have
so far not met with desired success because of the segregation of these elements, which
prevents a uniform dispersion of the intermetallic particles (private communication from
R. A. Sprague of Pratt & Whitney Aircraft).
A recent study (ref. 3) shows that excellent room-temperature strength and ductility
could be achieved in alloys of the titanium-aluminum (Ti-Al) system with Al content in
the neighborhood of 10 weight percent. Such alloys were previously throught to be ex-
o
tremely brittle. However, an ultimate tensile strength of 965 MN/m (140 ksi) and
7 percent elongation were obtained in the Ti-lOAl-ISi alloy. This remarkable combina-
tion of strength and ductility was the result of employing judicious aging treatments to
precipitate a uniform distribution of ordered, coherent ag-phase (near Ti«Al compo-
sition) particles in the hexagonal close-packed a-titanium matrix. The volume fraction
and the interparticle spacing were such that glide dislocations bypassed the particles
by looping around them instead of shearing them. In that investigation, only room-
temperature tensile properties were determined. Since the best tensile properties were
achieved by the precipitation of a2-particles during an aging treatment at the relatively
high temperature of 900° C, the possibility existed that these alloys might preserve
their high strength when tested to an intermediate temperature of 650° C.
For the binary titanium-aluminum system, the phase diagram showing equilibrium
between the disordered a-matrix and the ordered a2~Pnase is shown in figure 1. This
phase diagram has been proposed by Blackburn (ref. 4). The exact location of the
a - (a + otn) phase boundary is still controversial; differences in impurity contents or
small additions of ternary elements may markedly shift the boundary (refs. 3 and 5).
The present investigation is a part of a program that has been initiated to develop
titanium-aluminum base alloys (Al contents greater than 8 wt. %) which would possess
high strength and ductility at room temperature and which would also retain appreciable
strength levels at elevated temperatures. This study had four specific objectives. The
first was to corroborate previous work (ref. 3) by obtaining the best room-temperature
tensile properties for a model alloy Ti-lOAl-lSi. This end was sought by correlating
the aging treatment variables (temperature and time) and resulting a^-phase particle
distribution parameters (volume fraction and size) with room-temperature tensile
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Figure 1. - Phase diagram of Ti-AI system as proposed by
Blackburn (ref. 4).
properties. The second was to determine the elevated-temperature tensile properties
to 650° C of this alloy heat treated to yield maximum room-temperature strength and
ductility. The third was to investigate the feasibility of obtaining even higher elevated-
temperature strength by precipitating a higher volume fraction of bimodally distributed
o?2-particles. The fourth was to study by transmission electron microscopy the basic
deformation mechanisms in specimens tested at elevated temperatures. The under-
standing of these mechanisms may serve as the basis for the design of new titanium-
aluminum base alloys strengthened by a^ -particles.
MATERIAL, SPECIMENS, AND PROCEDURE
Material and Specimens
The titanium - 10-weight-percent-aluminum - 1-weight-percent-silicon (Ti-lOAl-
-0.637 diam
1.588
0.092-
Figure 2. - Geometry of tensile specimen. (All dimensions are in centimeters.)
ISi) alloy used in this investigation was received in the form of sheets hot rolled in the
j3-phase field at 1200° C from 230-gram button melts. Chemical analysis of the samples
obtained from these sheets revealed weight percent compositions as follows: 10.06 Al,
0. 86 Si, 0.103 O; balance Ti.
Tensile specimens were machined from the alloy sheets to the final dimensions
shown in figure 2. A relatively large fillet radius was incorporated in the specimen
design to avoid excessive stress concentration in this normally brittle alloy. The tensile
grips were in the form of flat friction surfaces which could be tightened on both sides
of the specimens by means of a bolt passing through the center of the gripping area of
the specimens. The use of this gripping technique prevented failures of the specimens
in the gripping area.
Heat Treatments
All heat treatments were carried out on specimens encapsuled in quartz tubes which
were evacuated and backfilled with high-purity argon. Rapid quenching, subsequent to
all heat treatments, was achieved by breaking the quartz tubes in water. Specimens
prepared from the as-received alloy were aged directly in the two-phase (a + Qfg) field
at temperatures ranging from 875° to 1025° C and for times from 24 to 500 hours. The
choice of the temperatures was based upon a previous work (ref. 3) that showed distinct
variations in a«-particle distributions and in tensile properties in this range.
Tensile Tests
Room-temperature tensile tests were conducted on an Instron testing machine at a
_ Q
crosshead speed of 5x10 centimeter per minute. This crosshead speed was the same
as used in reference 3. Elevated-temperature tensile tests were performed in vacuum
2 -3(0.1 fiN/m ) and at a crosshead speed of 12. 7x10 centimeter per minute. This faster •
crosshead speed was used for high-temperature tests in order to shorten the total testing
times. The heating unit was a tantalum mesh in the form of a 5-centimeter-diameter
tube surrounding the specimens. The heating time to attain temperature equilibrium
was usually between 1 and 2 hours; the temperature fluctuations were limited to ±5° C
during the test.
Electron Microscopy
Replica electron microscopy was performed to reveal the distribution and size of
ag-phase precipitate particles. The replicas were prepared from metallographically
polished and lightly etched specimens (etchant: 5 percent hydrofluoric acid + 95 percent
water). Thin-foil transmission electron microscopy was carried out to study the de-
formation structures and dislocation-particle interactions. The specimens for trans-
mission microscopy were prepared by electrolytic thinning and polishing at -50° C,
following the procedure of reference 6. The operating voltage was 100 kilovolts. Scann-
ing electron microscopy was used to ascertain the fracture modes of specimens.
RESULTS AND DISCUSSION
c^-Phase Precipitation
The as-received Ti-lOAl-ISi alloy used in this investigation had been severely de-
formed by hot rolling in the single-j8-phase field at 1200° C. Light microscopy of the
as-received alloy revealed a highly deformed structure. No well-defined grain bound-
aries were delineated.
To obtain a variation in sizes and volume fractions of o^-phase precipitate particles
in the a-titanium matrix, specimens prepared from the as-received alloy sheets were
aged directly in the two-phase (a + ou) field at temperatures ranging from 875° to
1025° C without a prior solution treatment. Solution treating was considered unnecessary
because the aging temperatures employed were sufficiently high to produce a micro-
structure exhibiting well-developed a-grains in the size range of 0.06 to 0. 3 millimeter.
By electron diffraction and dark-field microscopy, several microstructural features
related to the au-phase precipitates that have been previously shown (refs. 3 and 4) were
confirmed in the present investigation. The a^-ph&se precipitated in the form of
elongated ellipsoids with their long direction parallel to the c-axis of the hexagonal
matrix. They were uniformly distributed in the a-matrix for all aging treatments at
•temperatures from 875° to 1000° C. Sharp superlattice reflections present in the dif-
fraction patterns confirmed the ordered hexagonal DOjg-type structure of the a^-phase.
Replica electron microscopy was utilized to determine the volume fraction and size
of the particles. Volume fractions were calculated by using the diameters of a large
number of a2~Particles in those grains which showed particles with very nearly circular
cross sections. Long dimensions of the particles were estimated from those grains
which revealed the longest a2~Particles- Tne particle volume fraction and size as
measured from replica electron micrographs are given in table I. Figures 3(a) and (b)
TABLE I. - SIZE AND VOLUME FRACTION3- OF a^
PARTICLES FOR VARIOUS AGING TREATMENTS
Aging treatment
875° C/100 hours
900° C/100 hours
925° C/100 hours
1000° C/24 hours
Ellipsoid particle size, fim
Diameter
0.07 to 0.09
.10 to .15
.15 to .28
. 20 to . 30
Length
0.90 to 1.20
1.20 to 1.50
1.50 to 2.00
3.00 to 4.00
Volume fraction,
percent
34
32
30
5
Only within the grains; grain-boundary particles are excluded
from measurements.
show the particle distributions corresponding to the aging treatments of 925° C/100 hours
and 1000° C/24 hours, respectively, both in the grains and at the grain boundaries.
Large grain-boundary particles with associated precipitate-free zones in the vicinity of
grain boundaries can be seen in the replica micrographs. At these aging temperatures
the large particles precipitated preferentially at the grain boundaries, followed by pre-
cipitation within the grains. As revealed by replica electron microscopy, increasing
the aging time from 100 to 500 hours at 925° C resulted in an increase in the average
size of a?-particles without altering the uniformity of their distribution within grains.
Oh the other hand, an aging treatment of 1000° C/100 hours produced very large a^-
particles with very large interparticle distances. The latter distribution of the «„-
paTticles resulted presumably from rapid "Ostwald" ripening at the higher aging tempera-
ture.
For the aging treatment of 1025° C/24 hours, as shown by the replica micrograph
of figure 4, large Qfg-particles were present only at the grain boundaries with no par-
6
(a) 925° C/100 hours followed by water quench.
(b) 1000° C/24 hours followed by water quench.
Figure 3. - Replica electron micrographs showing c^-particle distribution corresponding'to two aging treatments.
(Arrows show large particles at grain boundaries.)
Figure 4. - Replica electron micrograph exhibiting precipitation of large a2-particles only at,grain
boundaries. Aging treatment, 1025° C/24 hours followed by water quench.
tides precipitating within the grains. The a - (a
 + «2) phase boundary thus seems to
lie just above 1025° C. This result is at variance with that reported in the previous
study (ref. 3), which showed that an alloy nominally of the composition Ti-lOAl-ISi was
in the single-a-phase field at 1000° C. Although data are not available for comparison
it is possible that the differences in impurities or in the aluminum or silicon contents of
the alloys may account for this apparent shift in the a - (a +
 a£ phase boundary. For
the microstructures mentioned so far, a different range of cyparticles precipitated
during each one-step aging process (see table I). A two-step aging process was also
utilized to generate a bimodal distribution of particles in order to achieve higher
strengths at elevated temperatures. The details of heat treatment steps and resulting
particle distributions are described later in this report.
Room-Temperature Tensile Behavior
As stated earlier, in a previous study (ref. 3) Lutjering and Weissmann found an
8
aging treatment which imparted maxima in both precipitation strengthening and ductility
to a nominal Ti-lOAl-ISi alloy. The first step of the present study was to establish the
aging conditions to induce the best room-temperature tensile properties in the partic-
ular heat of the alloy investigated. The second step was to determine whether specimens
so aged retained reasonable strength levels at elevated temperatures.
Tensile properties. - Figure 5 shows the room-temperature ultimate tensile strength
and elongation to fracture as a function of aging temperatures in the (a + <*2) phase field.
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Figure 5. - Room-temperature tensile properties as function of aging
temperature for Ti-lOAl-ISi.
Most of the data pertain to an aging time of 100 hours. Additional data, corresponding
to an aging time of 24 hours at 1000° and 1025° C, are also shown in figure 5. It can be
seen that for an aging treatment of 875° C/100 hours the specimens fractured in a brittle
o
manner at a low stress of 440 MN/m (64 ksi). With increasing temperature for
100-hour aging treatments, both strength and ductility increased sharply to maxima and
then dropped drastically for an aging temperature of 1000° C. For an aging treatment
of 925° C/100 hours, a strength of 855 MN/m2 (124 ksi) with 4. 5 percent elongation was
obtained for this material. This result of the present study thus confirmed an impor-
tant finding of the previous investigation (ref. 3), namely, that an aging treatment was
9
possible for which both the strength and ductility reached the highest values simulta-
neously.
Comparing tensile behavior for the aging treatments of 1000° C/100 hours and
1000° C/24 hours, figure 5 reveals that the latter treatment prevented premature
failure in the alloy by inducing a small measure of ductility (0. 5 percent) with con-
comitant high strength of 855 MN/m2 (124 ksi). Aging at 1025° C/24 hours, however,
again made the alloy totally brittle. The micro structural features which govern such
tensile behavior are discussed shortly.
Correlation of tensile properties with microstructure. - It was shown for the first
time in reference 3 that, in a number of Ti-Al alloys containing a homogeneous distri-
bution of ajg-particles, maximum precipitation strengthening was achieved when there
was a transition from glide dislocations shearing the particles to dislocations bowing
between and bypassing the particles. Also, this transition in dislocation-particle in-
teraction mechanisms was correlated with an improvement in the ductility of the alloys.
In the case of the shearing mechanism, slip was shown to be concentrated in widely
separated planar bands. At low strains, the bypass mechanism homogenized slip by
generating dislocation loops around the particles on many planes; however, at higher
strains, narrow planar slip bands on a secondary slip system were observed which
sheared through the particles and through the dislocation loops which had contributed to
homogeneous slip at lower strains. For Waspaloy sheets hardened by y'-phase particles,
it is shown in reference 7 that shearing of y'-particles by moving dislocations resulted
in greater susceptibility to time-dependent notch sensivitity than when y'-particles were
bypassed. The following results of the present investigation corroborated previous ob-
servations described in reference 3 concerning microstructures and properties:
(1) A comparison of the measured volume fraction and size of the a«-particles for
an aging treatment of 875° C/100 hours (see table I) with those reported previously in
reference 3 (0.05- to 0.07-/nm diameter and 38-vol.% particles) indicated that the
an-particles would probably be sheared rather than bypassed by moving disloca-
tions. Such a shearing mechanism would be consistent with the observed premature
brittle tensile failure and resultant low fracture stress, as shown in figure 5 for the
aging treatment of 875° C/100 hours.
(2) For the aging treatment of 925° C/100 hours, the increases in both strength and
ductility (see fig. 5) were correlated with a dislocation bypass mechanism. Figure 6
shows a thin-foil transmission electron micrograph for a specimen which exhibited
4. 5 percent elongation. Dislocation loops alined parallel to the longitudinal direction of
ou-particles can be observed in this micrograph. By suitably tilting the thin foil in the
electron microscope and observing the contrast effects, it was deduced that the disloca-
tion segments looped around the a«-particles. Long, piled-up segments of dislocations
could also be observed between adjacent loops. From these observations, it was con-
10
Figure 6. - Dislocation arrangements in a specimen deformed to fracture at room temperature. Aging treatment,
925° C/100 hours followed by water quench; elongation to fracture, 4.5 percent; bright-field electron
micrograph; zone normal [10101.
eluded that during the deformation process the dislocations initially piled up against the
long ff2~Particles and tnen tne leading dislocations in the pileups bowed out and bypassed
the particles.
(3) The microstructures of the specimens which were aged at 1000° C/100 hours
and at 1025° C/24 hours (see fig. 4) and which exhibited premature brittle failures con-
tained very large ot~ -particles. The observed premature failure (see fig. 5) may
have been caused by the further precipitation of very small particles in the grains during
quenching from the aging temperature, as discussed in references 3 and 4. In the pres-
ent study, electron microscopic observations of the specimens subjected to these aging
treatments revealed very weak and diffuse ag-phase superlattice reflections in areas
where there were no large an'P3^0!68- However, attempts to illuminate the ultrafine
a0-particles by darkfield microscopy were unsuccessful. In contrast, the high strength£t
exhibited by specimens aged for 24 hours at 1000 C can be attributed to the uniform
distribution of small ag-particles in the grains (see fig. 3(b)).
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Fractographic Studies
In dispersion-strengthened systems containing hard, nondeformable particles in a
soft matrix, fracture is initiated by void nucleation in the matrix at particle-matrix in-
terfaces. These voids, upon continued deformation, grow and coalesce to exhibit
dimple-type features on fracture surfaces. Dimple size can usually be correlated with
the average interparticle spacing. The a~-phase particles, in the present investiga-
tion, however, are coherent with the a-matrix as characterized by a continuity of
crystallographic slip planes in the a-matrix and the ov-particles. For interparticle
spacing less than a critical value, dislocations moving in the matrix can shear the
Qfg-particles. Therefore, the a*-precipitates do not behave as hard, nondeformable
particles. Shearing of the «„-particles, and more directly, the associated slip distri-
bution should have a marked effect upon the fracture mode. To determine these effects,
fracture surfaces of specimens deformed at room temperature were examined by
scanning electron microscopy.
Fracture mode of (totally) brittle specimens. - Figure 7 shows the scanning elec-
tron micrographs of the fracture surface of a specimen which was aged at 875° C for
100 hours and which exhibited premature totally brittle failure. The low-magnification
micrograph of figure 7(a) shows a relatively flat fracture surface containing terrace-like
steps and secondary cracks. The fracture mode was mostly transcrystalline, and the
features revealed by figure 7(a) were typical of the entire fracture surface. These
features might be interpreted as indicating that a quasi-cleavage type of fracture has
taken place in these specimens. The zero tensile ductility exhibited by these speci-
mens then would be consistent with such an interpretation.
A closer examination of the apparently flat fracture surfaces at much higher mag-
nifications, however, revealed evidence of considerable localized plastic deformation.
Figure 7(b) is a higher magnification micrograph of the area between the arrows of
figure 7(a). Very fine dimples with a uniform size of approximately 0. 3 micrometer
can be clearly seen. It can be concluded, therefore, that the main cracks did not grow
by cleaving the specimen in different grains. It should be mentioned that the measured
dimple size of 0. 3 micrometer is approximately five times greater than the measured
interparticle spacing of a2 -particles.
It may be recalled that the premature brittle failure in the specimens aged at
875° C/100 hours was attributed to highly inhomogeneous slip confined to a few widely
spaced slip bands as a result of dislocations shearing the a2-particles. The highly
concentrated slip may weaken the slip bands considerably, thereby favoring crack pro-
pagation in these bands in a ductile mode. The main fracture surface of figure 7 would
represent such a slip band in which the o^-particles have been sheared. The terrace-
like steps and the alinement of the major secondary cracks suggest the occurrence of
12
(a) Magnification, 1000.
(b) Magnification, 10 000.
Figure 7. - Fracture surface of a specimen that exhibited brittle failure at room
temperature. Aging treatment, 875° C/100 hours followed by water quench.
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concentrated slip in secondary slip planes. Thus, since the dimple features charac-
terizing microscopic ductility are confined to only a few widely spaced slip bands, they
cannot contribute to any measurable macroscopic ductility.
In a recent investigation (described in a private communication) by G. Lutjering
and A. Gysler of Deutsche Forschungs und Versuchsanstalt fur Luft und Raumfahrt,
Linderhohe, Germany, an attempt was made to establish a correlation between slip
distribution and the appearance of fracture surfaces in titanium alloys hardened by
co-phase particles. In this investigation, it was shown that the w-phase particles, which
were coherent with the (3-titanium matrix, could be sheared by moving dislocations.
Therefore, they could not be considered as hard impenetrable particles, as was pre-
viously assumed (refs. 8 to 11). The present study of a titanium alloy containing ««"
phase particles lends support to the main conclusions of Lutjering and Gysler. The
distribution of slip strongly depends on the volume fraction and size of coherent particles
which can be sheared by moving dislocations. The nature of fracture surfaces and the
tensile ductility both depend on the slip distribution. In the presence of a high volume
fraction of coherent particles, slip becomes extremely inhomogeneous and induces
trans crystalline ductile fracture along the slip bands but contributes very little to the
macroscopic ductility.
Fracture mode of ductile specimens. - Examination by scanning electron microscopy
at low magnification of the fracture surface of specimens which had exhibited 4. 5 percent
elongation revealed flat transcrystalline areas containing terrace-like steps. Observa-
tion of these areas at higher magnifications revealed uniformly distributed dimples.
Figure 8 shows a typical fracture area at two magnifications. Comparing figure 8(b)
with 7(b) reveals that the dimple size in the ductile specimen is much larger than that
in the brittle specimen. Moreover, pronounced secondary cracking was not observed
in the fracture surface of the ductile specimen.
While the observations of a larger dimple size and absence of secondary cracking
are consistent with the macroscopic tensile ductility exhibited by these specimens, it
appears that the final fracture mechanism should be similar to that occurring in totally
brittle specimens. The transition from brittle to ductile behavior was apparently
achieved by increasing the interparticle distance of the ou-particles so that the disloca-
tions bypassed these particles (see fig. 6). Even when slip tends to be homogenized by
a bypass mechanism, it has been shown (ref. 3) that a limitation to tensile ductility is
imposed by subsequent initiation of slip on secondary slip planes. The secondary slip
can cut through o^-particles and forest dislocations and, therefore, slip becomes planar
and highly inhomogeneous. The limited ductility is apparently achieved by the initial
homogenization of slip as a result of an operative bypass mechanism. However, the
final fracture takes place by cracks propagating in a ductile fashion along the secondary
14
(a) Magnification, 3000.
(b) Magnification. 10 000.
Figures. - Fracture surface of a specimen that exhibited 4.5 percent elon-
gation to fracture. Aging treatment, 925° C/100 hours followed by water
quench.
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slip bands. The fracture, in both the totally brittle and somewhat ductile specimens,
therefore, occurs along the planar, appreciably weakened slip bands.
Elevated-Temperature Tensile Behavior
Tensile properties. - Elevated-temperature tensile tests were performed on speci-
mens containing two distinct types of Qfg-particle distributions, namely a single
average-size distribution (see fig. 3(a)) and a bimodal distribution of precipitate par-
ticles as shown in figure 9. The former microstructure was obtained by employing a
single-step aging treatment (925° C/100 hr) which resulted in the best room-temperature
strength and ductility. The bimodal distribution was generated by utilizing a two-step
aging process (925° C/100 hr, water quench; 650° C/100 hr, water quench). Large
particles were precipitated first by aging at 925° C, while small interspersed particles
in the a-matrix were precipitated by reaging the same specimens at 650° C. This dis-
tribution was obtained to increase the elevated-temperature strength of the alloy, al-
though it was realized that the second aging treatment, resulting in additional pre-
cipitation of an-particles, might make the alloy brittle again.
Figure 9. - Dark-field micrograph showing bimodal distribution of a2-phase particles. Aging treatment, 925° C/100
hours followed by water quench and then 650° C/100 hours followed by water quench; zone normal [lolo].
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Figure 11. - Tensile properties for specimens step-aged to produce bimodal
distribution of o>rparticles. Aging treatment, 925° C/100 hours followed
by water quench and then 650° C/100 hours followed by water quench.
Figure 10. - Tensile properties for specimens aged to produce single-sized
o^-particles and responsible for best room-temperature properties.
Aging treatment, 925° C/100 hours followed by water quench.
Figure 10 shows the tensile properties as a function of testing temperature for
specimens containing only the single-size a^-particles. Although the ultimate and yield
strengths decreased with increasing testing temperatures, an ultimate strength of
550 MN/m2 (80 ksi) was obtained at 650° C. The ductility of the alloy did not increase
appreciably at elevated temperatures, and at 650° C the specimens fractured with 6 per-
cent elongation.
Figure 11 shows the tensile properties as a function of testing temperature for
specimens containing a bimodal distribution of a2~Particles- Tensile strengths of
860 MN/m2 (125 ksi) at 540° C and 690 MN/m2 (100 ksi) at 650° C were about 20 percent
greater than those exhibited by specimens subjected to a one-step aging treatment. The
tensile ductility at elevated temperatures had a comparable value, in the neighborhood
of 6 percent. The bimodal distribution, however, made the alloy totally brittle at room
temperature at a strength level of 760 MN/m (110 ksi).
Deformation microstructure in specimens containing single-size a9 -particles. - In
the presence of large ofg-particles precipitated by a one-step aging treatment, the de-
formation of specimens at elevated temperatures proceeded by two separate steps.
Transmission electron microscopic examination of a specimen, for which the tensile
test was interrupted at a relatively low deformation of 2 percent elongation, revealed
both dislocation pileups against the ag-particles along their longitudinal direction and
dislocation loops around the particles. The operative slip system was found to be
mainly {1010 } <1210). At high temperature the dislocation structure for small amounts
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(a) Bright-field electron micrograph showing general dislocation structure. Zone normal [1010J.
(b) Dark-field electron micrograph showing shearing of c^-particles by basal slip bands. Zone normal [1010].
Figure 12. - Microstructure in specimen fractured at 650° C. Single-step aging treatment, 925° C/100 hours followed
by water quench.
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of deformation was similar to the room-temperature deformation structure; in both
cases the primary dislocation-particle interaction was a bypass mechanism. With in-
creasing deformation up to fracture, we observed planar slip on basal planes which cut
through the particles as well as the forest dislocations present in the {10lO} slip planes
of the a-matrix. Electron micrographs shown in figure 12 represent the deformation
structures of specimens fractured at 650° C. In upper right corner of figure 12(a) a
high density of tangled dislocations can be observed. Piled-up dislocation segments and
dislocation loops were also present along the long dimension of a*-particles. A planar
slip band containing a very high density of dislocations can be seen. That this slip was
able to shear the ou-particles is shown in the dark-field electron micrograph of fig-
ure 12(b). Two parallel basal slip bands can be seen in the micrograph. The arrow
shows a sheared particle across the slip band. The large relative displacement of the
sheared segments of the particles indicates that a very large number of dislocations
traversed the slip plane, since each cutting dislocation provided a displacement equal to
the magnitude of one Burgers vector. The confinement of planar slip in widely spaced
bands apparently was the result of a continuous decrease of cross-sectional area of
ordered ojg-particles with the passage of each dislocation and the consequent decrease
in the resistance to further motion of dislocations in the same slip planes. The pre-
ferential motion of dislocations in only a few slip bands then would generate strong dis-
location pileups at grain boundaries, as was shown in room-temperature deformation of
similar alloys (ref. 3). The limited ductility of the specimens (5 to 6 percent) at ele-
vated temperatures thus can be attributed to the high stress concentrations in the grain-
boundary regions ahead of dislocation pileups. The generation of high local stresses
can shear the grain boundaries and nucleate cracks (ref. 3).
Deformation microstructure in specimens containing a bimodal distribution of
a0 particles. - The microstructures of specimens which contained a bimodal distribu-
_ £ in i . .• in.i a .1...
tion of a^-particles and which were deformed at elevated temperatures exhibited a
stronger tendency for planar slip. Figure 13 shows a bright-field electron micrograph
of the deformation structure of a specimen fractured at 650° C. Planar slip bands
cutting au-particles are clearly visible. Random and irregular dislocation tangles are
also present. However, no dislocation loops around large ag-particles were observed.
The micrograph also shows strain-field contrast effects which indicate the distribution
of small Qjg-particles between the large particles. The presence of a high volume
fraction of ag-phase particles forces the dislocations to shear the small as well as the
large coherent ag-particles, thereby making slip planar and highly inhomogeneous. It
is reasonable to assume that such a shearing mechanism was also operative in the speci-
mens deformed at room temperature and that, therefore, they exhibited no ductility.
On the other hand, the high volume fraction of the bimodal ou-particles was directly
responsible for higher elevated-temperature strengths as compared to those exhibited
by the specimens containing only the single-size large «„ -particles.
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Figure 13. - Bright-field micrograph exhibiting deformation microstructure in a specimen containing a bimodal
distribution of o^-particles. Aging treatment, 925° C/100 hours followed by water quench and then 650° C/100
hours followed by water quench; zone normal [1010].
CONCLUDING REMARKS
The possibility of exploiting the a — o?2 ordering reaction in promoting good tensile
strength and ductility both at room and elevated temperatures has been demonstrated
in a model alloy Ti-lOAl-lSi. The best tensile properties were achieved with a uniform
distribution of coherent flu-particles in the a-titanium matrix as a result of subjecting
the alloy to an aging treatment of 925° C/100 hours. By analogy to the nickel-base
superalloys strengthened by ordered y'-precipitates, it is felt that the present titanium
alloy containing a high volume fraction (~0.3) of ordered ag-particles should exhibit
excellent creep properties. The elevated-temperature strength of the present alloy
(see figs. 10 and 11) compares favorably with that exhibited by one of the strongest com-
mercially available titanium alloys, Ti-5Al-6Sn-2Zr-lMo-0.25Si. The latter has a
tensile strength of 690 MN/m2 (100 ksi) at 540° C and 620 MN/m2 (90 ksi) at 650° C.
The major difficulty in developing useful alloys of this category appears to be the
propensity of the a-matrix that is still supersaturated after a high-temperature aging
treatment to decompose further at lower temperatures. The metallurgical instability is
manifested during a second aging treatment in further precipitation of small a2-particles
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interspersed between large a^-particles (see fig. 9) and the loss of room-temperature
ductility for this bimodal distribution. It is proposed that this problem may be alle-
viated by ternary and quaternary alloying additions to the titanium-aluminum base. The
additions should be chosen so that the aging temperature that imparts good tensile prop-
erties is only slightly higher than the designated use temperature for these alloys.
Also, the composition of the alloy should be very near to the a - (a + «„) phase boundary
at this aging temperature. These measures are thought to minimize decomposition of
the a-matrix during the actual usage. Judicious combinations of isomorphic aluminum
and tin as major alloying elements may help achieve this goal, while small additions of
molybdenum and/or vanadium and modifications in silicon content may enhance solid
solution strengthening of the a-matrix. It is hoped that by combining solid solution
strengthening and alloying to produce more stable precipitates, superior high-
temperature a-titanium alloys can be developed.
SUMMARY OF RESULTS
An endeavor was made in the present investigation to study the room- and elevated-
temperature strength properties in a Ti-lOAl-ISi alloy hardened by «2~Pnase precipitate
particles. Strength properties were correlated with the particle sizes and volume frac-
tions and with the room- and elevated-temperature deformation mechanisms. The fol-
lowing results were obtained:
1. The a - (a + «„) phase boundary of the nominal Ti-lOAl-ISi alloy was found to
lie just above 1025° C.
2. Confirming a previous investigation, it was shown that by employing a proper
aging treatment this alloy, which is normally extremely brittle at room temperature,
can be made ductile without a loss of its high strength. It was shown also that the aging
treatment (925° C/100 hr) produced such a volume fraction and interparticle spacing of
ag-precipitates that glide dislocations bypassed the particles by a looping mechanism
instead of shearing them.
3. The fracture mode for specimens deformed at room temperature was predomi-
nantly transcrystalline. Microvoid coalescence signifying local microscopic ductility
was observed even in macroscopically totally brittle specimens. The fracture surfaces
for both the totally brittle and somewhat ductile specimens showed planar slip bands
which sheared the a0-particles.
24. Tensile strengths of 690 MN/m (100 ksi) with 5 percent elongation to fracture
and 550 MN/m (80 ksi) with 6 percent elongation to fracture were obtained at 540° and
650° C, respectively, in specimens which were aged to produce optimum room-
temperature tensile properties. The most prominent dislocation feature in specimens
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fractured at elevated temperatures was widely spaced basal slip bands which sheared
the ag-particles. The limited ductility (5 to 6 percent) at elevated temperatures is at-
tributed to the piling-up of dislocations at grain boundaries as a direct consequence of
shearing the o^-pa^icles.
5. A two-step aging treatment (925° C/100 hr; 650° C/100 hr) produced a bimodal
distribution of the a,,-precipitate particles which was responsible for even higher
o
strengths at elevated temperatures. Strength levels of 860 MN/m (125 ksi) with 5 per-t\
cent elongation to fracture and 690 MN/m (100 ksi) with 6 percent elongation to fracture
were obtained at 540° and 650° C, respectively. However, the two-step aging treatment
made the alloy totally brittle at room temperature. Again, the elevated-temperature
deformation structure consisted of coarse basal slip bands. This deformation structure
and the loss of room-temperature ductility apparently both are the direct consequence of
the presence of small particles in the bimodal distribution.
Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, April 4, 1973,
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